Homoaconitic acid, the second intermediate of the proposed pathway for lysine biosynthesis in yeast, is accumulated in the growth medium of a lysine-requiring mutant. This acid has been identified on paper and column chromatography by comparing it with authentic cis-homoaconitic acid. The infrared spectrum of the isolated material was identical with that of synthetic cis-homoaconitic acid. In addition, the chemical structure of the enzymatic product has been verified by degradation to glyoxylic and a-ketoglutaric acids after treatment with KMnO4 and HI04 and by catalytic reduction to the saturated acid 1, 2, 4-butanetricarboxylic acid. The isolated homoaconitic acid was also identified as a substrate for a purified enzyme preparation of homoaconitase.
Considerable knowledge concerning intermediates in biosynthetic pathways has been obtained from the study of products accumulated by mutant organisms.
In previous work (3) homocitric acid was isolated from a lysine-requiring yeast mutant and was shown to arise, in cell-free systems, from condensation of a-ketoglutarate with acetate. This condensation is the first reaction of a proposed enzymatic pathway for the biosynthesis of lysine in yeast and other fungi (7) . By reactions analogous to the Krebs cycle, homocitric acid is converted to homoaconitic, homoisocitric, a-ketoadipic, and a-aminoadipic acids, then to ca-aminoadipic-,3-semialdehyde, and ultimately to lysine. Details on the conversion of a-aminoadipic acid to lysine have been studied by Mitchell and Houlahan (4) , and by Broquist and coworkers (2, 8) . Evidence for the enzymatic formation of homoisocitric acid (M. Strassman et al., Federation Proc., 24:228, 1965) , and the oxidative decarboxylation of homoisocitric to a-ketoadipic acid (5), has also been reported. In addition, the enzymatic dehydration of homoisocitric acid has been studied in detail (6) . The cis-homoaconitic acid from the growth medium of a lysine-requiring mutant (3).
MATERIALS AND MErHODS The yeast cultures employed in this study were obtained through the courtesy of Maurice Ogur, Southern Illinois University, Carbondale, Ill. One of these, F2, was a wild type, the other, Ly4, was a yeast auxotroph requiring lysine for growth. Details on the composition of the growth medium and the growth conditions have been given in a previous report (3) .
Synthetic homoaconitic acid, used as a standard for the identification of the enzymatic product, was prepared from triethyl homoisocitrate by dehydration with acetyl chloride. Details of the preparation of this compound, as well as the separation of the two geometrical isomers, have been given in a previous report (6) .
REsuLTS
Isolation of labeled homoaconitic acid from the culture medium of Ly4 mutant grown on uniformly labeled "4C-glucose. The Ly4 mutant was cultured on minimal medium (50 ml), containing glucose, minerals, vitamins, and lysine (3). To this synthetic medium, 80 ,uc of uniformly labeled 14C-glucose was added. For 30 cm) . Elution of the organic acids was followed by an exponential gradient of formic acid attained with 200 ml of distilled water in the mixing chamber and 6 N formic acid in the reservoir. Fractions of 5-ml amounts were collected, and 0.5-ml samples of each were evaporated to dryness and counted in a Packard scintillation spectrometer according to standard methods.
The homoaconitic acid peak was located by spotting 50 uliters from each fraction on filter paper and viewing, when dry, under an ultraviolet light source. Fractions 85 to 95 showed the presence of ultraviolet light-absorbing material. From each of the fractions 80 to 110, 2.5-ml amounts were transferred to 10-ml beakers. The fractions were then evaporated to dryness under an airstream and kept under vacuum in a desiccator overnight to remove any traces of formic acid. Each fraction was then dissolved in 1.0 ml of distilled water. The absorbance at 240 m,u was measured on 0.1-ml samples which had been diluted to 3.0 ml. The remaining 0.9 ml of each fraction was titrated with 0.01 N (Fig. 2) (Fig. 1) was eluted after reduction in Fig. 1 . The radioactivity of the reduction product of the enzymatically formed cis-homoaconitic acid, and the acidity of the authentic 1,2, 4-butanetricarboxylic acid are closely proportional, indicating identity of the two compounds (Fig. 2) .
The materials eluted in fractions 13 to 28 were suspected to be anhydrides of the tricarboxylic acid. However, treatment with 0.1 N NaOH and reseparation did not yield the free acid, and the materials remained unaffected. These acids, as well as other materials accumulated by the Ly4 mutant, are being investigated as metabolites possibly related to lysine biosynthesis in yeast.
Isolation of mutant-accumulated homoaconitic acid. Ten liters of growth medium, from a 6-day culture of the Ly4 yeast mutant grown on minimal amounts of lysine (3) , were evaporated to a small volume under reduced pressure at 40 to 60 C, by use of a flash evaporator. The precipitate of inorganic salts and glucose was filtered and discarded, and the pH of the solution was adjusted to about 2.0 by addition of 6 N HCI. The concentrate was extracted continuously with diethyl ether for 3 days. The ether extract was evaporated to dryness, dissolved in 150 ml of water, and neutralized with 5 N KOH. The solution was adsorbed on a Dowex-1 formate column (30 X 2.5 cm, 200 to 400 mesh) and eluted with 6 N formic acid as described in Fig. 1 . Fractions of 12.5 ml were collected. From each fraction, a 50-,gliter portion was spotted on filter paper, dried, and viewed under ultraviolet light. Fractions 104 to 124 and 144 to 170 contained ultraviolet light-absorbing materials. To locate the peaks more precisely, 100-,liter samples were evaporated to dryness, redissolved in 3 ml of water, and measured at 240 m,u. Fractions 140 to 170 corresponded to a single peak of an ultraviolet light-absorbing material. These fractions were combined and evaporated under reduced pressure. The yellow residue weighed 185 mg, gave one acidic ultraviolet light-absorbing spot on paper chromatograms, and had the same RF value as authentic synthetic cis-homoaconitic acid. The product was dissolved in hot ethyl acetate and treated with activated charcoal. The white residue was further purified by preparative paper chromatography on Whatman no. 3 paper, with ethyl acetate-formic acid-water (10:2: 3) used as solvent. The material was crystallized from hot ethyl acetate and benzene.
Infrared spectra of the isolated acid and of authentic cis-homoaconitic acid were indistinguishable (Fig. 3) .
In Table 2 . It is of interest to note that the enzymatic product corresponds to the slower spot of the synthetic material, which is a mixture of the two possible geometrical isomers of homoaconitic acid. The slow-moving isomer, cis-homoaconitic acid, is the product of the enzymatic dehydration of homoisocitric acid (6) . When the mutant product was subjected to the action of homoaconitase, a typical enzymatic reaction took place, as was indicated by the decrease in absorbance at 240 mpt, which corresponds to the disappearance of the double bond. As shown in Fig. 4 Chemical degradation of Ly4 homoaconitic acid. Additional evidence for the identity of the mutant homoaconitic acid was obtained by hydroxylation with cold 1% KMnO4 and subsequent cleavage witn H104 (1) .
The products of the reaction ( isolated as their 2,4-dinitrophenylhydrazones. Since the 2, 3-dinitrophenylhydrazones of aketoglutarate and glyoxylate each gave rise to two spots on paper chromatograms in most of the solvent systems used, and usually were difficult to separate from one another, the hydrazones were reduced with PtO2 and H2 to the corresponding amino acids. As shown in Table 3 , the RF values obtained from the degradation of the Ly4 homoaconitic acid corresponded closely with the RF values of glutamic acid and glycine.
DIscussIoN
The proposed (7) biosynthetic pathway for the formation of the carbon skeleton of lysine in yeast is now supported by a considerable amount of experimental evidence (3, 5, 6 , and M. Strassman 
